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Abstract

Objective—Defining groups of individuals within a larger population with similar patterns of 

weight change over time may provide insight into influences of weight stability or gain.

Methods—Latent class growth modeling was used to define subgroups of weight change in adult 

members of the Gila River Indian Community participating in at least 4 non-diabetic health exams 

including OGTTs (N=1157, 762F/395M; 78.4±19.0 kg). In a separate study, 152 individuals had 

24-hr EE measured in a respiratory chamber.

Results—Eight groups with baseline weights of 54.6±7.3 (n=124), 64.2±7.7 (n=267), 73.6±7.8 

(n=298), 86.1±10.2 (n=194), 95.5±6.7 (n=90), 97.9±10.4 (n=92), 110.9±11.9 (n=61), and 

122.1±13.6 (n=31) kg (P<0.001) were delineated. Group 5, (initial weight=95.5±6.7 kg) 

maintained a comparatively stable weight over time (+3.3±10.3 kg, +3.8±11.2% of initial weight; 

median follow-up time: 13.1 years). All other groups gained weight over time (+29.9±21.1% of 

initial weight; median follow-up time: 16.3 years). Higher starting weight defined weight gain in 

most groups, but higher 2hr glucose predicted membership in the lower weight trajectories. The 

weight stable group had higher rates of impaired glucose regulation at baseline and higher 24-hr 

EE.

Conclusions—Weight in young adulthood defined weight gain trajectory underscoring the 

importance of intervening early to prevent weight gain.
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Introduction

Changes in weight may not occur uniformly across all members of a population and 

invoking a single pattern of change within a population may not be appropriate (1). 

Subgroups of individuals may follow distinct patterns of weight change over time 

(trajectories). Identifying such subgroups may help determine which trajectories predispose 

to worse metabolic outcomes and predictors of these unhealthy weight gain patterns. 

Trajectories are used to examine weight changes over time and identifying how they relate 

to a variety of risks. For example, BMI trajectories were predictive of mortality risk in older 

adults (2;3), Trajectory analysis has been used to determine pathways to childhood obesity 

(4-8) and characterizing differences between those children populating the varying 

trajectories. Furthermore, this tool has shown that lifestyle intervention in children is more 

effective at a younger age (9). There are reports of adolescent BMI trajectory predicting 

adult diabetes and coronary disease risk (10), socioeconomic position influencing weight 

trajectories (11-13), and physical activity affecting weight over time (14;15). Few of these 

studies, however, have physiological markers predicting which trajectory an individual may 

join.

Latent class growth modeling (LCGM) is a semi-parametric technique that can be used to 

identify unique subgroups in a study population that follow similar patterns of change over 

time(1;16). We used longitudinal data from a population based study in which body weight 

was measured as frequently as biennially to assess adult weight patterns. We hypothesized 

that weight change over time would separate into a number of distinct trajectories. We also 

hypothesized that metabolic measurements would define trajectory and that trajectory itself 

would inform diabetes risk. We conjectured that weight trajectories themselves might 

provide vital information that simple delta weight changes are not able to provide and that 

the route by which adult weight is achieved may be more notable than the weight itself.

Methods

Participants

Participants participated in a longitudinal study in which data was collected prospectively 

from members of the Gila River Indian (Pima) Community in southern Arizona from 1965 - 

2007. Residents of the community regardless of health status were invited to participate in 

biennial health exams that included a 75g oral glucose tolerance test (OGTT); from 1975 on, 

participants were asked to fast overnight prior to the visit (17) (see supplementary 

materials). At each exam, review of the medical record was used to document other disease 

diagnoses and medication use. Exams at which the volunteers had a diagnosis of diabetes 

mellitus, as determined by the 2003 ADA criteria (18), were excluded from this analysis. 

Participants may have developed type 2 diabetes (T2DM) later, but only their visits prior to 

that diagnosis were used in the LCGM analysis. Participant were also classified as having 

impaired fasting glucose (IFG, fasting plasma glucose 100-125mg/dl), impaired glucose 

tolerance (IGT, 2 plasma glucose 140-199 mg/dl) and impaired glucose regulation (IGR, 

either fasting plasma glucose 100-125mg/dl or 2 hour plasma glucose 140-199). Blood 

pressure measurements were done in the supine position with a large cuff. From 1965-1992, 

total cholesterol was measured using ferric chloride/acetic acid-sulfuric acid on the 
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Technicon Auto Analyzer and from 1992 to present using an enzymatic method (Ciba 

Corning Express). All participants with at least four complete, non-diabetic, non-pregnant 

adult visits (range 4-14 visits) with body weight recorded (in light clothing without shoes; 

fed or fasted) and at least one exam between the ages of 18 and 24, which was considered 

the baseline adult visit, were included in the LCGM analysis. Visits were only included 

through age 45 years as the number of participants older than 45 years with non-diabetic 

visits was small. Diabetes diagnosis, for analysis of relative risk of development of T2DM, 

could be after the required 4 visits allowing inclusion into LGCM, and prior to age 45 years. 

All participants gave written, informed consent prior to participation in study. The study was 

approved by the Institutional Review Board of the National Institute of Diabetes and 

Digestive and Kidney Diseases (NIDDK).

A subsample of 152 individuals (age: 28.2±7.6 yrs) also participated in an inpatient study of 

risk factors for obesity and T2DM between 1987-2005. In this study, energy expenditure 

(24-h EE) was measured in a metabolic chamber as previously described (19). All these 

participants were healthy by physical examination, medical history, and laboratory test 

results and exclusion criteria included a diagnosis of type 2 diabetes mellitus by a 75-g oral 

glucose tolerance test and other medical conditions, or use of medications known to affect 

energy metabolism. On admission, participants were given a standard weight maintaining 

diet for three days before any test was performed. The weight maintaining energy needs 

were calculated as previously described (20). All participants were determined to be healthy 

by physical examination. Body composition was measured either by hydrodensitometry 

(n=132) or by DXA (n=20), and measures were made comparable using comparative 

equations as previously described (21). This study was also approved by the NIDDK IRB 

and all participants gave informed consent (see supplementary materials for details).

Data analysis and statistics

A P<0.05 was considered statistically significant. Data are presented as mean±SD or median 

with interquartile range (IQR). Statistical analyses were performed using SAS software 

(SAS E-guide 4.2 and SAS version 9.2, SAS Institute, Inc., Cary, NC) and SPSS (version 

21, IBM Corp, Armonk, NY, USA). First, weight gain trajectory groups were determined 

with LCGM using the SAS procedure PROC TRAJ developed by Jones et al. 

(16;22),designed to identify homogeneous clusters of growth trajectories, whose degree and 

direction of change can vary freely. This procedure identified different categories of body 

weight trajectories over time with adjustment for sex and date of birth to account for 

temporal changes in weight. The number of groups in the model and the functional 

relationship of each group with time (linear or quadratic) were varied until the best possible 

log Bayes factor (BIC: Bayesian Information Criterion) and posterior probability were 

obtained for the model. The BIC is a fit index used to compare competing models with 

differing numbers or shapes of trajectories. Posterior probabilities are calculated post hoc to 

estimate the probability that each case is a member of each modeled trajectory and can be 

used to assign each individual membership to the trajectory that best matches the profile of 

change (1). Groups were required to have at least 2% of the population to be considered 

meaningful.
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Following trajectory analysis, one-way analysis of variance (ANOVA) was used to assess 

the baseline differences in anthropometric and glycemic parameters for the identified weight 

trajectories. Insulin concentrations were log-transformed prior to ANOVA to approximate a 

Gaussian distribution. One-way ANOVA was also used to compare changes (defined as 

difference between follow-up and baseline values) in weight per year between different 

trajectories. ANOVA was adjusted for sex, age, and, where appropriate, baseline weight. 

Additionally, multinomial logistic regression analysis was used to determine if baseline 

parameters were predictive of the development of a particular weight gain trajectory. For 

each trajectory group, diabetes prevalence was calculated; this included development of 

diabetes after age 45. This was considered to be lifetime diabetes prevalence per trajectory 

group.

Results

The baseline characteristics of the population are reported in Table 1. The best model for 

body weight change over time included 1157 individuals (395 males/762 females) separated 

into eight trajectory groups (Figure 1; posterior probability across groups = 0.900; BIC = 

-25,532.03). The groups were labeled Group 1 to 8 in ascending order according to the 

baseline body weight, which was different among groups (P<0.001). The trajectories were 

all parabolic (quadratic terms P<0.01), with the exception of Group 5 that showed a linear 

pattern of weight during time (linear term P<0.001, quadratic term P=0.96). The 

anthropometrics of the participants, by group, are shown in Table 2. Participants were 

young adults at baseline (20.3±1.8 years) and median follow up time was 16 years (IQR: 11 

to 25 years). Results were not different when the analysis was restricted to full heritage Pima 

Indians. Weight change over time increased in proportion to starting weight, i.e. generally, 

groups with the lowest starting weight had the least total weight gain over time (P<0.001; 

Table 1). Percentage of weight change over time was significantly higher in all groups 

compared to Group 5 (range 20-35% total weight change among groups) and did not differ 

between other groups. Group 5, with an average starting weight of 95.5±6.7 kg (BMI: 

33.6±3.5 kg/m2), gained the least amount of weight (3.3±10.3 kg and 3.8±11.2% of initial 

weight) over an average of 14.4 years (range: 5.7 to 25.5). When the analyses was separated 

by sex (Supplemental Figure 1), the trajectories looked similar. Both males and females 

segregated into 8 groups with 1 group remaining relatively weight stable over time and the 

others increasing weight.

Medical diagnoses or use of prednisone (the only medication consistently classified over the 

duration of the study period), which may affect body weight in individuals, was not different 

between trajectory groups. No significant difference in prevalence of disease diagnoses 

including cancer, congestive heart failure, hypertension, hypotension, liver disease, and 

rheumatoid arthritis at any biennial visit existed between trajectories.

Predictors of weight gain trajectory

Using multinomial logistic regression analysis and setting Group 5 as reference, baseline 

weight, adjusted for age and sex, was a significant predictor of the trajectory group 

(P<0.001). For every 1-kg increase in baseline weight the odds of belonging to a specific 
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trajectory differed significantly from Group 5 (Table 2). Results were similar when further 

adjusting for the fraction of Pima heritage (not shown).

Baseline 2-h glucose concentration adjusted for age (P<0.001), sex (P=0.19) and baseline 

weight (P<0.001) was a significant but negative predictor of the weight gain trajectory 

group (P=0.005), such that a 10-mg/dL higher 2-h glucose was associated with greater odds 

of developing particular weight gain trajectory compared to Group 5 (Table 3). Similar 

results were obtained for 2-h insulin (P=0.008, adjusted for age, sex, baseline weight and 2-

h glucose), so that a 10-mU/L increase in 2-h insulin was overall negatively associated to the 

odds of the developing weight gain trajectory compared to Group 5 (table 3).

Fasting glucose (P=0.40), fasting insulin (P=0.06), total cholesterol (P=0.10) and systolic 

(P=0.57) and diastolic (P=0.93) blood pressure were not significantly associated with 

weight trajectory prediction in the adjusted logistic models. In the subgroup of 762 women, 

215 (19%) had one pregnancy, 124 (11%) had two, and 118 (10%) had 3 or more 

pregnancies. Parity was a significant predictor of weight trajectory in women (P<0.001); 

Group 5 was not different from other groups (all P>0.05). The lower-rank trajectories (i.e., 

lower body weight) of female participants showed an increased prevalence of having more 

than one pregnancy as compared to higher-rank trajectories.

In the subset of 152 participants having a 24-h EE measurement within 8.1±7.3 years of 

their baseline visit, Group 5 showed on average the highest 24-h EE after adjustment for 

age, sex, fat mass and fat free mass (+134±161 kcal/day, N=12, ANOVA global P=0.02, 

Figure 2A), as well as the greatest adjusted AFT (+71±92 kcal/14 h, Figure 2C). No 

differences were found for adjusted SMR among groups (P=0.36, Figure 2B). Similar 

results were obtained by restricting the analysis to chambers within 5 years from the 

baseline visit (N=65, not shown).

Glycemic characteristics of the trajectory groups

The glycemic characteristics of the groups are shown in Figure 3 and Table 3. Group 5 

showed a higher proportion of IFG (27%) and IGR (32%) participants at baseline as 

compared to other groups, with the exception of Group 6 (Table 3). After adjustment for 

gender, age and body weight, neither baseline fasting nor 2 h glucose concentrations of 

Group 5 were different from the other groups. Results were similar when stratified analyses 

by sex. When calculating the change in glucose concentrations from baseline to the last non-

diabetic visit, Group 5 showed no change on average in fasting and 2-h glucose 

concentrations (P=0.54 and P=0.68, respectively), however, all other groups showed 

significant increases (Figure 3). The greatest decreases in fasting and 2-h insulin levels were 

also observed in Group 5 (Table 3) (Δ=−17 mU/L and Δ=−53 mU/L, both P<0.001, 

respectively).

Of note, some of the groups had weights at baseline or at the end of follow up similar to 

group 5 (the relatively weight stable group) but the trajectories they followed were quite 

different. For example, Groups 5 and 6 had similar mean baseline weight (95.5 vs. 97.9 kg, 

respectively, P=0.06), but Group 5 had on average higher 2-h insulin levels at baseline 

(P=0.03). At follow-up, Group 6 showed greater weight gain (P<0.001) and increases in 
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glucose, insulin, total cholesterol concentrations (all P<0.05) but no difference for blood 

pressure (P>0.75) as compared to Group 5. On the other hand, Group 3 had a comparable 

average body weight at the last visit to that of Group 5 (95.2 vs. 98.5 kg, respectively, 

P=0.007) but a noticeably lower weight at baseline (73.6 vs. 95.5 kg, respectively, 

P<0.001). Group 3 showed a greater weight gain along with larger increases in glucose and 

total cholesterol concentrations (P<0.001) as compared to Group 5. At the last visit, Group 3 

had higher glucose and insulin levels despite a similar body weight as compared to Group 5.

In total, T2DM developed in 319 of the participants. Only those visits prior to development 

of T2DM were included in the determination of the weight trajectories. Fourteen percent of 

the reference group (Group 5) developed T2DM. All other groups, with the exception of 

Group 1 (Wald statistic=1.16, P=0.28), had significantly greater percentages of individuals 

eventually develop T2DM than did Group 5 (all P<0.05, Table 3). By logistic regression 

analysis, the relative risk of developing T2DM as compared to Group 5 was higher for 

Groups 2 through 8, whereas no difference was found for Group 1 (odds ratios in Table 3).

Discussion

In this analysis using LCGM to analyze weight change in non-diabetic young adults, we 

found that generally higher initial weight at age 20-24 years associated with a greater weight 

gain trajectory, and often higher final weight. The population as a whole gained weight with 

the exception of one near weight stable trajectory. This group included 8% of the cohort and 

had higher baseline 2-h glucose levels and adjusted EE compared to the other groups. 

However, perhaps by maintaining weight stability, this group had stable glucose 

concentrations and a lower overall risk of T2DM.

Previous studies have addressed the issue of patterns of weight change using a variety of 

statistical techniques. In a study on the Pima Indians, Hanson et al (23) categorized weight 

fluctuation based on the root mean square error of the first four biennial exams after age 20 

and associated these fluctuations with eventual mortality and vascular disease. Lee et al (24) 

used an age, period, & birth cohort analysis of NHANES data to evaluate obesity prevalence 

across cohorts in the US population. Mixed models have been used to determine whether 

socio-economic, psychosocial, or behavioral factors had a role in racial differences in weight 

gain over time (11) and to examine BMI trajectories in young adults followed from age 

18-45 years(12). Additionally, several studies have used regression models to address 

patterns of weight change over time (15;25;26). However, use of a model which requires 

classification of individuals into defined groups by pre-specification of weight change may 

not provide a full picture of possible weight change trajectories as does using continuous 

data to define the trajectories.

LCGM has become more popular as a means to estimate longitudinal weight trajectories and 

then predict outcome or determine what anticipates trajectory placement (3;4;6;8;27). 

Primarily descriptive papers utilizing this method for assessing weight gain (6) identified 

different patterns in childhood obesity which might have implications for future research 

and treatment. Others have attempted to determine whether local environment of children 

differs by weight trajectory (4) and the effect of maternal risk factors on childhood weight 
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(8). In adults, Østbye et al (27) related membership in a particular trajectory to birth year, 

education, gender, and years of marriage as well as to health outcomes in middle life. 

Likewise, Zheng et al (3) showed that those with changing weight trajectories in older 

adulthood had much different mortality outcomes that those with stable weight over time 

and that ~7% of deaths were attributable to an “obesity upward” trajectory after 51 years of 

age. All of these studies, however, are lacking in direct measures of anthropometrics and 

physiologic markers of health status. Our study provides these data in a longitudinal manner 

as well as data on energy expenditure in a subset of individuals.

Our finding that, in general, those with lower body weight early in adulthood were better 

able to maintain weight throughout adulthood indicates that interventions for weight 

management may need to occur prior to ages 18-24. This is supported by the retrospective 

study by Parsons et al (14) that found that females who were more active at 16 years of age 

gained BMI more slowly over future decades than less active females. Likewise, Viner et al 

(26) found that sedentary behaviors and fast food intake during adolescence influenced adult 

BMI, independent of baseline weight and socioeconomic status. Data from the Fels 

Longitudinal Study (28) found a tracking of BMI from about 20 years into adulthood, but 

changes in childhood BMI were also separately related to adult overweight and adiposity.

All but one of our weight gain groups (8% of the population) had a significant increase in 

weight over time. We analyzed the clinical characteristics of this weight-stable group as 

compared to other weight-gain groups in order to explain the difference in their future 

weight trajectory behaviors. We found that the weight-stable group had higher glucose and 

insulin levels at baseline compared with the other groups. However, this group maintained 

stable to improved glycemic measures over time likely due to the maintenance of body 

weight. Across all groups, relatively higher baseline 2-h glucose was associated with a lower 

starting trajectory weight. As previously shown, this indicates a role for increased insulin 

resistance in braking further weight gain (29). Whether this is due to increased energy 

expenditure possibly via increased hepatic glucose production or an effect on food intake 

(perhaps via increased glucose concentrations effect on satiety) is not clear. It is also 

possible that individuals, particularly in the weight stable trajectory, made life style changes 

in response to their OGTT results which prevented weight gain and T2DM; however it 

should be noted that this study started in 1965, in advance of the recognition that impaired 

glucose regulation was a clear and modifiable risk factor (via lifestyle interventions) for 

T2DM. The similar baseline weights of groups 5 and 6 but divergent outcomes may be 

indicative of this.

In addition to the glycemic status, the weight stable group also showed a higher-than-

expected 24h EE, reflecting higher values of awake and fed thermogenesis (AFT). AFT is 

the component of daily EE that includes the cost of being awake and the thermic response to 

food, which we recently showed to be inversely associated with future weight gain in obese 

individuals (30). These results in the subset of participants with EE measurements indicate 

that a relatively higher EE may contribute to the ability of this group to maintain weight 

stability (31).
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The timing of the visits included in this analysis span first visits that occurred between 

1965-2003 to last visits between 1971-2007. This time period corresponds to the time of 

increasing prevalence of overweight and obesity in the United States in general (32). Birth 

year differed in groups 1-4 (all with lower starting weights), but was not a determinant of 

trajectory. Consistent with the overall US trend, all groups but one gained weight (33), and 

as an average percent weight change over the course of the analysis the range was 

20.1-34.9% indicating substantial weight gain in all the groups except group 5. Again, this 

implies that beginning early adulthood with a lower body weight is one of the most desirable 

foundations for a healthy weight later in life.

Our data have some limitations that may affect the generalizability of the findings. The Pima 

Indian population has higher documented rates of obesity and T2DM than the US population 

in general. Secondly, we do not have any measurement of ad libitum food intake or eating 

behaviors, and even the 24hEE measurements may miss individual habitual physical 

activity. Additionally, we do not have socioeconomic data available on these volunteers.

We used LCGM to model weight change trajectories in a population with longitudinal data. 

We found that nearly all groups gained weight over time, and that those starting at heavier 

weights at young adulthood gained more and at a faster rate. Higher 2-hr glucose 

concentration predicted membership in lower baseline weight trajectory groups. We did 

indentify a near weight stable group characterized by higher rates of IGR and higher 

adjusted 24hEE. Overall young adult weight does indeed define subsequent weight change 

indicating that interventions to prevent weight gain prior to young adulthood would be 

beneficial. In adulthood, near weight stability can prevent hyperglycemia and T2DM.
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Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject?

• The causes of weight gain are unknown but are likely multifactorial, including 

both genetic and environmental components

• Changes in weight may not occur uniformly across all members of a population

• Developing a better understanding of weight change over time in larger 

populations may be useful in determining appropriate intervention strategies

What does this study add?

• Higher initial weight at age 20-24 years associated with a greater weight gain 

trajectory, and often higher final weight

• Our study found one weight stable group (8% of the cohort) and had higher 

baseline 2-h glucose levels and adjusted EE compared to the other groups

• The weight stable group had stable glucose concentrations and a lower overall 

risk of type 2 diabetes
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Figure 1. 
Time courses of body weight at different biennial visits during adulthood (Panel A), body 

weight at the first (Panel B) and last (Panel C) visit of the observation period, percent weight 

change (Panel D) and rate of percent of weight change (Panel E) between the first and last 

visit in each of the eight trajectories as identified by latent class growth analysis. 

Trajectories in Panel A represent average body weight in each group while shaded areas 

indicate the 95% confidence interval of the mean. Error bars represent 95% confidence 

interval of the mean of each group.
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Figure 2. 
Twenty-four hour energy expenditure (EE, Panel A), sleeping EE (SMR, Panel B) and 

awake and fed thermogenesis (AFT, Panel C) in each group as identified by latent class 

growth analysis of body weight. 24-h EE and SMR measures are calculated after adjustment 

for age, gender, fat mass and fat free mass while AFT is calculated after adjustment for age, 

gender, % body fat, fat free mass and fasting glucose concentration. Error bars represent 

95% confidence interval of the mean of each group.
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Figure 3. 
Fasting (Panel A) and 2-h glucose levels (Panel B) during the oral glucose tolerance test and 

related changes between the baseline and the last visit in each group as identified by latent 

class growth analysis of body weight. Fasting (Panel C) and 2-h insulin levels (Panel D) 

during the oral glucose tolerance test and related changes between the baseline and the last 

visit. Error bars represent 95% confidence interval of the mean of each group.
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Table 1

Baseline characteristics of the study population.

All (N=1157) Men (N=395) Women (N=762) Sig.

Age (years) 20.3 ± 1.8 20.4 ± 1.8 20.2 ± 1.7 0.195

BMI (kg/m2) 29.1 ± 6.3 28.3 ± 5.9 29.6 ± 6.6
0.002

*

Height (cm) 163.8 ± 8.0 171.9 ± 5.7 159.6 ± 5.4
<0.001

*

Weight (kg) 78.4 ± 19.0 84.1 ± 19.1 75.5 ± 18.2
<0.001

*

Fasting glucose (mg/dL) (N=803) 90.0 ± 8.1 92.2 ± 9.0 88.8 ± 7.3
<0.001

*

2-h glucose (mg/dL) (N=1140) 100.7 ± 22.6 96.4 ± 22.3 103.0 ± 22.4
<0.001

*

Fasting insulin (mU/L) (N=791) 23.9 ± 18.3 21.1 ± 14.6 25.4 ± 19.9
0.002

*

Median and IQR 19 (12-31) 18 (11-28) 20 (12-34)
0.006

*#

Logarithmic values 1.5 ± 0.3 1.4 ± 0.3 1.5 ± 0.3 0.159

2-h insulin (mU/L) (N=811) 108.3 ± 106.7 78.9 ± 88.0 123.9 ± 112.4
<0.001

*

Median and IQR 84 (42-135) 50 (27-100) 95 (53-150)
<0.001

*#

Logarithmic values 2.0 ± 0.4 1.9 ± 0.4 2.1 ± 0.3
<0.001

*

Total cholesterol (mg/dL) (N=1134) 160.9 ± 31.0 164.9 ± 32.8 158.8 ± 29.8
0.002

*

Systolic BP (mmHg) (N=1117) 115.5 ± 13.6 123.8 ± 13.2 111.2 ± 11.7
<0.001

*

Diastolic BP (mmHg) (N=1115) 66.4 ± 10.5 69.8 ± 10.9 64.7 ± 9.8
<0.001

*

*
P <0.05 for gender

#
Mann-Whitney U test P -value.
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